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ABSTRACT

Titanium and its associated alloys have been used in industry for over 50 years and have
become more popular in the recent decades. Titanium has been most successful in areas where
the high strength to weight ratio provides an advantage over aluminum and steels.
advantages of titanium include biocompatibility and corrosion resistance.

Other

Electron Beam

Melting (EBM) is an additive manufacturing (AM) technology that has been successfully applied
in the manufacturing of titanium components for the aerospace and medical industry with
equivalent or better mechanical properties as parts fabricated via more traditional casting and
machining methods. As the demand for titanium powder continues to increase, the price also
increases.

Titanium spheroidized powder from different vendors has a price range from

$260/kg-$450/kg, other spheroidized alloys such as Niobium can cost as high as $1,200/kg.
Alternative titanium powders produced from methods such as the Titanium HydrideDehydride (HDH) process and the Armstrong Commercially Pure Titanium (CPTi) process can
be fabricated at a fraction of the cost of powders fabricated via gas atomization. The alternative
powders can be spheroidized and blended. Current sectors in additive manufacturing such as the
medical industry are concerned that there will not be enough spherical powder for production
and are seeking other powder options. It is believed the EBM technology can use a blend of
spherical and angular powder to build fully dense parts with equal mechanical properties to those
produced using traditional powders. Some of the challenges with angular and irregular powders
are overcoming the poor flow characteristics and the attainment of the same or better packing
densities as spherical powders. The goal of this research is to demonstrate the feasibility of
utilizing alternative and lower cost powders in the EBM process. As a result, reducing the cost
of the raw material to reduce the overall cost of the product produced with AM.
vi

Alternative powders can be made by blending or re-spheroidizing HDH and CPTi
powders. Machine modifications were performed to allow the testing and manufacturing with
these low cost alternative powders. A comparison was made between alternative powders and
gas atomized powders.

Powders were compared in terms of morphology and at the

microstructural level. Flowability of different powder blends was also measured. Finally, a
comparison of parts fabricated from the multiple powder blends and gas atomized powder was
made.
It has been demonstrated that powder blending can produce fully dense parts in the
Arcam system by utilizing the double melt technique or HIPing the built pars. The double melt
technique increased the density of the sample part and modified the microstructure into finer
martensitic grains. The HIP process can make a part fully dense regardless of what percentage
of HDH powder blending is used. The HIP process yielded the same microstructure, regardless
of the grain structure it started with.
This research allows for the reduction of costs using titanium powders in the EBM
system, but can also be implemented with more costly elements and alloys using other metal AM
technologies. This includes niobium, tantalum, and nickel-based superalloys for use in various
industries.
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CHAPTER 1: BACKGROUND

Titanium and associated alloys have been used in industry for over 50 years - becoming
more popular in recent decades (Boyer et al., 2005). Titanium has been most successful in areas
where the high strength to weight ratio provides an advantage over aluminum and steels. Other
advantages of titanium include the ability to be biocompatible and corrosion resistant (Azevedo
et al., 2003). The new lighter and more efficient airplane designs require stronger frames and
thus the obvious replacement for aluminum structural components is titanium; since aluminum
and composites cannot provide the required structural support that titanium can provide. As
composites become more popular in the aerospace industry, more designers employ titanium
airframe components (Peters et al., 2003.). Commercial (99.2% pure) grades of titanium have
ultimate tensile strength of about 63,000 psi (434 MPa), equal to that of common, low-grade
steel alloys, but with the dramatic advantage of being 45% lighter. Titanium is 60% more dense
than aluminum, but more than twice as strong as the most commonly used 6061-T6 aluminum
alloy (Cui et al., 2011).
Titanium is the ninth-most abundant element in the Earth's crust (0.63% by mass) and the
seventh-most abundant metal.

Current titanium-production methods used to produce both

titanium ingot and wrought products have naturally high manufacturing costs, due in part to the
high chemical bond between titanium and the associated interstitial elements carbon, hydrogen,
nitrogen, and oxygen. The cost increases significantly due to the energy required to separate
these interstitial elements (Ivasishin et al., 2000).

Ti-6AL-4V (Ti64) is the most popular

titanium alloy for medical and aerospace applications (Baufeld, 2011) and the costs for titanium
have increased due to recent high demand from these industries.
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The work presented in the dissertation consists of understanding different methods of
producing titanium products and making titanium powder more economical by blending and
spheriodising using electron beam melting (EBM), an additive manufacturing (AM) technology.
The powder bed fusion technology developed by Arcam has become widely recognized for the
ability to successfully fabricate fully dense components from a variety of metals and metal alloys
such as Co-Cr-Mo, Ti64 and Ti grade 2. The EBM technology has been successfully applied in
the manufacturing of titanium components for the aerospace and medical industry with
equivalent or better mechanical properties as parts fabricated via more traditional casting and
machining methods. As the demand for titanium powder continues to increase, the price also
increases. Titanium spheroidized powder from different vendors has a price range from
$260/kg-$450/kg, other spheroidized alloys such as Niobium can cost as high as $1,200/kg.
The research described in this dissertation is composed of two distinct parts. The first
part of the research presented here includes a production and cost comparison of aerospace
components using conventional manufacturing process such as CNC machining a commercial
wrought Ti64 material in contrast to fabrication via AM using an EBM system with Ti64 gas
atomized powder. The EBM technology is limited to a reduced building chamber in the Arcam
A2 machine. Consequently, only small parts can be fabricated in the 210mm x 210mm x 360mm
working envelope. The second part of the research described here entails exploring the feasibility
of using alternative, low-cost sources of titanium powders in the EBM system, and in this
project, Hydride-Dehydride (HDH)-manufactured Ti64powder is investigated as well as the
Armstrong Commercially Pure Titanium (CPTi) powder. The HDH powder manufacturing
process has been tested and used in industries for cost effective near net-shape products for over
20 years and the Armstrong process is a patented technology developed to produce high purity
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metal and alloyed powders aimed at producing lower cost titanium materials (McCracken et al.,
2013; www.itponline.com). The HDH powder has an angular morphology, while the Armstrong
powder has sponge morphology.
Current sectors in additive manufacturing such as the medical industry are concerned that
there will not be enough spherical powder for production and are seeking other powder options.
It is believed the EBM technology can use a blend of spherical and angular powder to build fully
dense parts with equal mechanical properties. Some of the challenges with angular and irregular
powders are overcoming the poor flow characteristics and the attainment of the same pack
density as spherical powders. The goal of this research is to demonstrate the feasibility of
utilizing alternative powders in the EBM process. As a result, reducing the cost of the raw
material to reduce the overall cost of the product produced with AM.
This research cannot only allow for the reduction of costs using titanium powders in the
EBM system, but can also be implemented with more costly elements and alloys using other
metal AM technologies. This includes niobium, tantalum, and nickel-based superalloys for use
in various industries.

1.1 Additive Manufacturing
Additive Manufacturing (AM) or Three-Dimensional (3D) Printing is the process of
creating 3D objects or products, layer by layer, from a 3D digital model. The 3D digital model
can be created from CAD, CT, MRI, or Laser Scanning. AM is the reverse of traditional
manufacturing technologies, such as machining, in which one starts with a block of material and
subsequently, the material is removed in a subtractive process forming the final desired part.
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Alternatively, AM starts with a blank platform and material is added in a controlled method
where required—in each layer—until the final part is formed (Gibson et al., 2010).
In order to help standardize AM in the United States the ASTM F42 Committee on
Additive Manufacturing Technologies was formed in 2009 and categorized AM technologies
into seven categories including Vat Photopolymerization, Material Extrusion, Powder Bed
Fusion, Material Jetting, Binder Jetting, Sheet Lamination, and Directed Energy Deposition (F42
Committee. 2012). In order to provide sufficient background for the research completed in this
dissertation, this chapter provides more information on the metal additive manufacturing
processes that are commonly used today in AM.

1.1.1 POWDER BED FUSION
Powder bed fusion systems use thermal energy to melt the powder into the desired
pattern. The majority of powder bed fusion systems use a laser to melt polymer or metal powder
to fabricate the 3D structures layer by layer (F42 Committee. 2012).

Powder bed fusion

technology is the most common metal-based technology used to manufacture end-use engineered
products, many of which are being used in aerospace, defense, and medical applications.
A) ELECTRON BEAM MELTING
Electron beam melting (EBM) is an additive manufacturing (AM) technology that
selectively consolidates metal powders such as titanium and cobalt alloys to fabricate 3D
structures. Compared to conventional manufacturing processes, the EBM process is capable of
fabricating low-volume, high-value articles at reduced lead times. The technology was invented
in 1993 in Sweden at the University of Technology in Gothenburg. Arcam was founded in 1997
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and sold its first commercial system in 2002. The company currently has over 100 systems
installed around the world (www.arcam.com; Wohlers 2012).
The process includes the focusing of an electron beam at discrete areas within a powder
bed composed of metal particles (average size of 30-120 μm) to produce melting, followed by resolidification that enables fabrication of complex geometries. The EBM system (Figure 1.1)
consists of an electron beam gun, vacuum chamber (~10-4 torr), build tank, and powder
distribution mechanisms (powder hoppers and rake). Within the electron beam gun, a tungsten
filament is heated to emit electrons accelerated at high voltage (60 kV), resulting in an electron
beam (carrying high kinetic energy) that is focused by electromagnetic lenses. This system is
capable of electron beam scan speeds of up to 8000 m/s, electron beam positioning accuracy of
+/- 0.025 mm, and layer thicknesses in the range of 0.05-0.2 mm (Gaytan et al., 2009).
Part fabrication is initiated by the uniform distribution of powder over a start plate as
seen in Figure 1.2a. The powder layer is preheated by the electron beam followed by a sequence
of line-by-line scanning that melts the loosely joined powder. The powder is spread and packed,
only by the raking system; therefore, the powder is disorganized with gaps. As a result, before
melting, the layer thickness is about 2-3 times greater than it should be. When the powder is
melted, it reduces to the correct layer thickness (Figure 1.2b). After completion of a layer, the
process platform is lowered a distance equivalent to one layer thickness (0.05-0.2 mm). A new
layer of powder is applied and the process is repeated until the full build is complete.
Completion of the process is followed by a helium-assisted cool-down sequence lasting about 6
hours, depending on the build size and material used.
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Figure 1.1: EBM system
Since 2007, studies on different alloys fabricated by the EBM system have been
performed at UTEP. Ti-6Al-4V (Ti64) was the first alloy tested in the Arcam A2 system;
observation and design of experiments aided in the successful build of fully dense components
providing parts with improved mechanical properties, such as ultimate tensile strength (UTS)
and elongation, superior to ASTM Grade 5 nominal (1.2 GPa and 20% elongation vs 1.0 GPa
and 15% elongation respectively) (Murr et al., 2009). In addition, foam and mesh components
6

have been successfully fabricated and characterized for open and solid cell structures (Murr et
al., 2010) and analyzed by fatigue testing to show that an increase in density provides an increase
in fatigue strength (Li et al., 2012). Experience with this biocompatible alloy demonstrated that
implants can be fabricated by EBM with appropriate modifications to surface porosity (Murr et
al., 2010). In addition to Ti64, Titanium aluminide alloys were successfully fabricated and
characterized by EBM (Hernandez et al., 2012; Murr et al,. 2010). Nickel and Cobalt based
superalloys such as Inconel 625 and Co-Cr-Mo were also successfully built (solid, mesh, and
foam components) and characterized (Murr et al., 2011; Gaytan et al., 2010). Furthermore, pure
metals such as Niobium, iron, and copper (Ramirez et al., 2011; Ramirez et al., 2011) have been
successfully fabricated for Department of Energy research.

The experience gathered by

developing parameters for a wide range of materials, over the past six years, has provided the
knowledge required for rapid and effective fabrication of components using new materials.

Figure 1.2: a). EBM raking and melting process. b) Powder layer thickness before and after
melting.
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B) SELECTIVE LASER MELTING/DIRECT METAL LASER SINTERING
Selective Laser Melting (SLM) or Direct Metal Laser Sintering (DMLS) are AM
technologies that use a laser beam technology to melt powder in the fabrication of 3D
components. The technology was invented in 1995 when a project from the Fraunhofer Institute
in Aachen Germany resulted in patent DE 19649865. Six European companies were formed
using similar technology, SLM solutions, EOS, Renishaw, Concept Laser, ReaLizer, and Phenix
Systems (Gibson et al., 2010).
The SLM system (Figure 1.3) consists of a build chamber, laser system, scanning servo
motors, build tank, powder hoppers, and powder distribution mechanisms (powder handling
system and rake). The systems use scanning mirrors similar to stereolithography and selective
laser sintering systems to control laser melting in the X and Y directions. The original machines
used 100 watt CO2 lasers. Today, these have been upgraded to Yb-fiber lasers ranging anywhere
from 200 to 1000 watts. The chamber is operated at room temperature and pressure and is
maintained in a Nitrogen or Argon environment, depending on the building material (Gibson et
al., 2010).
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Figure 1.3. SLM/DMLS system diagram

The technology is capable of scan speeds of up to 20 m/s, has variable focus diameters
ranging from 0.06 to 0.1 mm, a minimum scan line or wall thickness of 0.150 mm, and layer
thicknesses in the range of 0.02-0.075 mm. The SLM technology provides superior surface
finish and feature detail when compared to EBM technology because of the finer layer
thicknesses and smaller powder particle distribution.
1.1.2 DIRECTED ENERGY DEPOSITION
Directed energy deposition systems melt the material with a laser or energy source as the
material is being deposited. The material is usually a wire or powder feed system that is melted
during deposition onto the part. Direct energy deposition has found a niche market in the repair
and rework industries. A disadvantage of the technology is that in order to be able to build
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overhanging features, systems require an extra axis to allow part rotation so the nozzle can be
perpendicular to the build surface and deposited material.
A) LASER ENGINEERED NET SHAPING

The Laser Engineered Net Shaping (LENS) was initially developed under a Cooperative
Research and Development Agreement (CRADA) between Sandia National Laboratories and
United Technologies’ Pratt & Whitney (UTPW). The CRADA was created to understand a
UTPW repair process known as laser spraying (Atwood et al., 1998). With Sandia’s knowledge
of AM, the implementation of UTPW laser spraying technology for 3D manufacturing was
patented. In 1997 Sandia licensed the technology to Optomec which still sells and maintains
LENS systems around the world.
The LENS system consists of using a 600-1100 Watt Nd:YAG Laser, a glove box, three axis
motion control stages, and a powder feed/mixing system. The controlled atmosphere glove box
is filled with ultra-pure Argon gas and the high power laser is used to melt metal powder
supplied by a coaxially feeding nozzle. The system focuses the laser beam through a deposition
head. This beam moves through the center of the head using a lens system to focus on a small
spot. The X-Y table is moved in a raster pattern to fabricate each layer of the object. The head
moves vertically after each layer is completed (Figure 1.4.). This process is repeated until the
part is complete (www.optomec.com; Griffith et al., 1996).
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Figure 1.4. LENS process diagram

1.2 Powder Metallurgy
1.2.1 EBM MATERIALS

Currently, the only four commercial materials available for the Arcam systems are Ti64,
Ti-Al-4V ELI, Titanium Grade 2, and Cobalt-Chrome (www.arcam.com; Wohlers 2012). The
W. M. Keck Center for 3D Innovation at The University of Texas at El Paso (UTEP) has
substantial experience with Arcam’s EBM technology - specifically in the development of
processing parameters for materials that are not commercially released by Arcam. Different
methodologies and processes have been developed for each material to obtain desired density
and mechanical properties, providing UTEP researchers with unique knowledge of the EBM
process in the context of a wide range of materials. The materials for which process parameters
have been developed at UTEP include Ti64, TiAl, TiNb, Inconel 625, Inconel 718, Rene, CoCr,
Copper, Niobium, Iron, and other proprietary alloys.
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1.2.2 POWDER METALLURGY REQUIREMENTS FOR EBM

Before attempting to develop parameters using an EBM system, powder must be
characterized to determine if it will be a good candidate for the technology. The powder must
have high flowability (it must be able to flow 25 s/50 g like Arcam’s supplied powder), high
apparent density (>50% of the density of solid material), no internal porosity (from the
production process), and contain no small particles (< 0.010 mm) are preferred.
In order to determine the flowability of a powder, B212-09 ASTM International
Standards were followed. The powder was allowed to flow freely and unaided through a Hall
Flowmeter funnel from ACuPowder International (Union, NJ) (shown in figure 1.5a), consisting
of a calibrated orifice and a cylindrical brass cup with a nominal capacity of 25 cm3 and a
distance of ~25 mm from the bottom of the funnel to the top of the density cup (Standard, B21209 ASTM. 2007). Apparent density, flow rate, and percent density change were obtained for
different powders and compared to Ti64 powder provided by Arcam.

High flowability is

recommended to improve the hopper’s feeding and to obtain a more stable raking – both
providing smoother powder layers. If the percent density change of the material to-be-analyzed
is comparable, or higher, than the value obtained for Ti64 the microstructure can be analyzed and
the particle size distribution can be measured. Powder examination can be performed through
the use of a stereomicroscope to identify the shape of the particles, the presence of satellites, any
foreign particles, or contamination. Figure 1.5(b) shows a scanning electron microscope (SEM)
micrograph of tantalum powder with a 35% density change where angular morphology can be
observed. Figure 1.5(c) depicts Arcam’s Ti64 powder with a 55% density change and Figure
1.5(d) illustrates a sponge-like Commercially Pure Titanium (CPTi) powder with a 16% density
change. Higher apparent densities will provide better heat conduction and therefore, reduce the
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risk of sample swelling or overheating. A higher value also improves the quality of supports. It
can be observed that powders with undesirable morphologies (angular or irregular) have similar
flowing capabilities (Santomaso et al., 2003).
Another aspect to consider when introducing a new powder to the EBM system is its
internal porosity. Internal porosity is represented by spherical voids located along the inside of a
single powder particle and can be analyzed by looking at a sample’s cross-section.

Figure 1.5. a) Hall flowmeter funnel, b) tantalum powder, c) Ti64 powder, d) CPTi powder

1.3 Powder Manufacturing
1.3.1 GAS ATOMIZATION
The process traditionally utilized to obtain spherical powder is gas atomization, which
has existed since 1872 and was first patented by Marriot of Huddersfield. Since then, several
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designs have been used including different versions known as “free fall,” “confined” or closed
nozzles, and “internal mixing” (Lee et al., 1998). This process, as depicted in Figure 6, consists
of dispersing liquid metal by a high velocity jet of air, nitrogen, argon, or helium. Many
materials can be spheroidized by this process, such as copper and copper alloys, aluminum and
its alloys, magnesium, zinc, titanium and its alloys, nickel-based alloys, cobalt-based alloys,
lead/tin solder, precious metals, etc. Inert gases must be used when atomizing reactive metals
such as titanium and superalloys, to avoid oxidation (Neikov et al., 2009). Figure 1.6 shows an
SEM image obtained from a Ti64 alloy that was gas atomized and purchased for EBM
fabrication. In the case of titanium, the metal travels as a falling stream with the aid of gravity
for 100-200 mm. Maximizing the gas’s velocity and density when it meets the metal stream,
allows one to achieve particle sizes in the range of 40 to 60 μm (Neikov et al.,2009). The
schematic depicts a confined gas atomization system.

Figure 1.6. SEM image of Ti64powder obtained from gas atomized powder. Process procedure
and diagram inserted next to image.
1.3.2 INDUCTION PLASMA ATOMIZATION
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Induction plasma processes consist of in-flight heating and melting of feed
material particles by plasma, followed by solidification under controlled conditions. Depending
on the size and apparent density of the treated powder, the time of flight of the particle is
controlled such that the molten droplets have sufficient time to complete solidification before
reaching the bottom of the reactor chamber (www.tekna.com). The particle morphology and size
distribution can be controlled by modifying the nozzle design, particle exiting velocity from the
nozzle, and drop solidification distance (www.tekna.com; Boulos et al.,2004).
The induction plasma process is used to improve powder characteristics such as increased
flowability, decreased porosity, increased powder density, and enhanced powder purity.
Flowability is increased when the particles are more spherical, making them easier to flow.
Porosity is reduced when the material is re-melted and re-solidified. Powder tapped density
increases since the re-spheroidized particles are more uniform, improving packing. The melting
process can also be used to improve powder purity through the selective/reactive vaporization of
impurities by increasing the plasma melting temperature (www.tekna.com).

Figure 1.7 shows

re-spheroidized International Titanium Powder-Cristal Global (ITP) CPTi powder and the
induction plasma process.

15

Figure 1.7. SEM image of Armstrong-Ti powder after induction plasma process. Diagram and
schematic of the process illustrated next to image.
1.3.3 ARMSTRONG PROCESS

The Armstrong process provides high purity metal and alloy powders at a lower cost and
is particularly well-suited for titanium. The main aspect of this process is the elimination of the
traditional Kroll process which is responsible for producing the unintentional “sponge”
morphology. Alternatively, the Armstrong process starts producing powder to be consolidated
subsequently, and therefore, powder manufacturing cost is reduced through the minimization of
processing steps (Stone et al., 2009). The Armstrong process is owned by International Titanium
Powder-Cristal Global (ITP) and can be used for a wide range of metals, alloys and ceramics
(www.itponline.com). Among the many benefits of this process are high purity, controllable
oxygen content, uniform grain structure, and cost reduction (Chen et al., 2011) (Froes 1998).
More importantly, ITP powder has been shown to meet ASTM grade 2 and ASTM grade 5
properties for CPTi and Ti64 (Peter, et al., 2007). Ti and Ti64 powders obtained from the
Armstrong process have been utilized in the production of roll compacted sheets and vacuum hot
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pressed plates with appropriate properties (Rivard et al., 2005). Figure 1.8 is an SEM image of
the sponge-like titanium obtained via the Armstrong process as well as the sequence of steps
necessary to obtain such powder. Titanium tetrachloride (TiCl4) is reacted with sodium to form
pure titanium and sodium chloride (NaCl).
Titanium powder from the Armstrong process is comparable to CPTi ASTM Grade 2
with regards to oxygen and carbon content since both are within the ASTM range.

In

Armstrong research, Armstrong Ti powder was compacted by a specialized vacuum hot press
(VHP) unit and tensile testing was performed. UTS and YS are higher than typical CPTi Grade
2 due to the all-alpha, fine, and equiaxed grain structure obtained, ~2 to 4 Ǻ (Eylon et al., 2013).

Figure 1.8. SEM image of pure Ti sponge powder obtained from the Armstrong process.
Diagrams illustrating the process are shown adjacent to image.
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1.3.4 HYDRIDE-DEHYDRIDE
The Hydride-Dehydride (HDH) process has the capability to produce titanium, zirconium,
vanadium, and tantalum powders. The process, as seen in Figure 1.9, consists of performing a
reversible reaction on the material by hydrating titanium at elevated temperatures (~650 °C) for
long periods of time, allowing the brittle phase of the titanium to be crushed and milled for finer
powder size. The crushed powder is then reheated under high vacuum at ~350°C to remove the
hydrogen (McCracken et al., 2013). The result is an angular shaped (non-spherical) powder that
can be used successfully for fabrication in traditional powder production.

The traditional

methods for utilizing HDH powder are press sintering, metal injection molding, cold isostatic
pressing, and hot isostatic pressing (McCracken et al., 2011).

Figure 1.9. SEM image of pure Ti64 powder obtained from the HDH process. Diagrams
illustrating the HDH process are shown adjacent to image.
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1.3.5 POWDER COSTS
Powder metallurgy and powder production is a multi-billion dollar worldwide industry.
Currently, titanium sponge powder offers the lowest manufacturing cost, since the powder is a
by-product of the existing and well-established titanium sponge supply industry; the price range
is typically $11/kg–$33/kg ($5/lb – $15/lb) (McCracken et al., 2013). Plasma atomized powders
have the highest manufacturing costs due to the high raw-material costs and low production
volumes. Plasma atomized powders typically cost in the range of $407/kg–$1,210/kg ($185/lb –
$550/lb) (McCracken et al., 2013) depending on alloy composition. Gas atomized powders are
more widely available compared to plasma atomized powders and will normally cost in the range
of $165/kg–$330/kg ($75/lb – $150/lb) (McCracken et al., 2013) in high volumes, depending on
the alloy composition. The HDH powder process can utilize a wider range of raw-material
feedstock and supports the highest batch throughputs; HDH powder costs typically range
$66/kg–$176/kg ($30/lb – $80/lb) (McCracken et al., 2013) depending on alloy composition. At
this time, Ti64 gas atomized EBM powder can be purchased directly from Arcam; the cost is
$260/kg ($125/lb.)(Arcam). On the other hand, Ti64 HDH powder can be purchased from
Ametek for $75/kg ($35/lb)(Ametek). Ti64 sponge powder from ITP using the Armstrong
process is still not available for resale due to full production issues, but should be available
within the next couple of years.
As the demand for titanium alloy powder increases, the demand for low-cost titanium
powders will also increase. When these alternative titanium powders become available in high
volumes and can be used with AM technologies to manufacture titanium components, the
anticipated cost of such powders is $33/kg–$88/kg ($15/lb.–$40/lb.) (McCracken et al., 2013),
depending on alloy composition.
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1.4 Powder Characterization Methodology
1.4.1 OPTICAL METALLOGRAPHY
All samples fabricated in the EBM system were analyzed via optical microscopy
techniques to characterize the microstructure and compare the microstructure of these samples to
those of the same alloy found in literature. Optical metallographic sample preparation was
conducted by cutting a sample from the component and mounting it with the area of interest
facing down. Koldmount, a mixture of polyester powder and liquid solvent, was poured into a 3
cm diameter mount and left to solidify for 30 minutes. Polishing was done by placing the planeto-be-examined on a standard 8-inch rotating wheel using a consecutive sequence of grinding
paper, from coarsest to finest (80, 120, 180, 220, 320, 500, 800, 1000, and 1200). Samples were
rotated 90° after each paper was used and running water was used to avoid sample heating. After
grinding, the sample was rinsed in water and polished using a soft cloth with 1 μm, 0.3 μm, and
0.03 μm alumina and rinsed in ethyl alcohol. Once the surfaces were mirror-like, with no visible
scratches, they were ready to be etched.
The etchant solution used for all titanium samples were composed of 100 mL water, 2.5
mL hydrofluoric acid (HF), and 5 mL nitric acid (HNO3). Samples were exposed to the etchant
solution for approximately 5 seconds to obtain optimal microstructural contrast. All samples
were analyzed with a Leica Reichert MEF4 A/M metallography microscope and photographs
were recorded using an AmScope Microscope MD600 digital camera.
1.4.2 HARDNESS TESTING

Vickers micro-indentation hardness testing was performed on samples analyzed by
optical microscopy using a Shimadzu HMV-2000 micro-indentation tester. Rockwell C-scale
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hardness (HRC) with a load of 150kgf (1.5kN) was also performed on the horizontal and vertical
planes of all the samples on an Instron Rockwell harness tester.
1.4.3 SCANNING ELECTRON MICROSCOPY

A Hitachi S4800 Ultra-High Resolution Field-Emission SEM ((Hitachi High-Technologies

Corporation, Tokyo, Japan) utilizing an accelerating voltage of 20keV was used to analyze all the
titanium samples. Energy Dispersive X-ray Spectroscopy (EDS) in the SEM was used to perform
chemical analysis of all titanium samples fabricated at UTEP.
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CHAPTER 2: PARAMETER DEVELOPMENT
A methodology was established to assist in new material parameter development for the
EBM process.

These processes include powder characterization, material parameter

development, and build sample analysis. All steps were completed in order to understand the
material’s behavior in the EBM system and to produce fully dense parts.
2.1 POWDER CHARACTERIZATION
Prior to parameter development using the EBM system, the powder must be characterized
to determine if it is a good candidate for the technology. The steps in figure 2.1 were followed
for initial powder analysis. In order to determine if the powder was safe to handle and use in the
EBM system, a minimum ignition energy test was performed following standard BS EN
13821:2002 (Determination of minimum ignition energy of dust/air mixtures) (ASTM E2019,
2013). The test measured the ease of ignition of a dust cloud by electrical and electrostatic
discharge. Electrodes were connected to a circuit that produced a spark with a known energy. A
cloud of powder was blown past the spark; if the powder ignited, the energy was reduced until
there was no reaction. Arcam recommends that titanium powder with 30-120 µm particle
distribution, have minimum ignition energy of 0.5 J.

Figure 2.1. Process flow diagrams showing steps for initial powder analysis
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The powder must have high flowability (it must be able to flow 25 s/50 g, like Arcam’s
supplied powder) to be able to rake correctly and flow in the machine hopers. Following ASTM
standard B213, a Hall flow meter was used to test flowability (ASTM Standard B213, 2007.).
The powder must also have high apparent density (apparent density must be > 50% of the density
of solid material) to be able to melt the powder and obtain fully dense parts with current
scanning methods. Following standard ASTM B212, a Hall flow meter and a density cup were
used to test apparent density (ASTM Standard B213, 2007). The particle size distribution was
verified as Arcam recommends that particle distribution be between 30-120 µm with a normal
distribution curve. The powder must not contain small particles (< 0.010 mm) since these can
become a fi and health hazard. Next, the powder was mounted and polished to check for internal
porosity (from the gas atomization production process).

Internal porosity can become

problematic with various materials, like Ti64, that do not allow entrapped gas to flow out of the
part as the powder melts and solidifies.
Microstructure analysis of the powder was performed to obtain a basis of comparison
before and after the powder was processed with EBM technology. Chemical analysis was also
performed to compare the powder before and after melting by the EBM process, since the
electron gun’s energy can evaporate a percentage of the lower melting element in the material.
This can put the material out of specification, making the end part non-compliant. These powder
analyses can save a lot of time in determining if the powder will be usable in EBM systems,
stopping one from using a powder that has the incorrect packing or flowability density.
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Figure 2.2. Process flow diagrams showing steps for initial process development.

2.2 MATERIAL PARAMETER DEVELOPMENT
In order to start the material parameter process development (Figure 2.2), a smoke test
was performed in the build chamber with cold powder. Smoke takes place when the charge
distribution density exceeds the critical limit of the powder. As a result, an electrical discharge
occurs since the powder particles repel each other, causing a powder explosion inside the
chamber, as seen in figure 2.3. The smoke test consisted of using various machine parameter
settings of line order, line offset, beam speed, and focus offset to determine which settings were
within the “smoke-free” parameter window. Once the parameter window was identified, the
parameters could be modified safely. If the parameters are within the window, the build should
be smoke-free.
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Figure 2.3. The charge distribution density exceeds the critical limit of the powder, due to the
electron beam, and the powder repels each other creating an explosion inside the
build chamber.
Next, a sintering test was conducted to identify the temperature required to pre-heat the
build platform to sinter powder underneath the platform. The sintering test consisted of preheating a clean build platform inside the machine to a constant temperature and holding it for 20
minutes. The build was stopped and the chamber was opened to check if the powder underneath
the build platform was sintered. If the powder was not sintered, the test was repeated at a higher
temperature. The powder must be sintered for platform stability when raking as well as for
thermal conductivity. As a rule of thumb, the sintering temperature should be half of the
building temperature. This was demonstrated with Titanium, Copper, and Inconel 625. The
advantage of the sintering test is that it provides an indication of the current required for preheating to maintain a stable temperature during the build. The start plate material must be
compatible with the new powder material since the start plate holds the powder in place during a
build. Stainless steel has been the most successful start plate material as it is compatible with a
wide selection of build materials.

25

Once the correct start temperature and start plate materials were identified, the first
process build was prepared. The first build must be a simple geometry, like blocks with no
negative surfaces or supports. Initially, the Ti64 themes provided by Arcam can be used as a
good starting point. There are three main build themes for every build: the pre-heat theme, the
melt theme, and the support theme. For every build step there is a theme that provides the
parameters to the machine. The initial themes were modified to reflect the findings in the smoke
test, so that they were within the parameter window, to eliminate smoke during the build. Next,
the preheating theme was modified by taking the average current obtained in the sintering test
and using it as the beam current. The advantage of the Arcam system is that theme parameters
can be modified while the system is building.
To begin construction, the Arcam system must be prepared.

The work presented here,

using the MiniRake which will be discussed in Chapter 3, required that material be placed
between the two rakes; unlike the traditional setup where both side hoppers need to be filled with
material. Next, the build start plate was insulated by placing powder underneath and leveled.
After vacuuming down the chamber, the build plate was pre-heated to the temperature
determined by the sintering test. In order to understand and control how the system builds, the
process was viewed through the chamber window. Parameters that produced a smooth melting,
without fireworks, were found. Fireworks occur when the powder explodes as the electron beam
is melting it. Fireworks can be eliminated or reduced by using a higher process temperature or
increasing the current in the pre-heat process.
Powder sintering was controlled by the pre-heating theme parameters: min/max current,
focus offset, and number of pre-heating repetitions. The pre-heating current controls how much
energy is delivered during one cycle run of the heating process. The pre-heat focus offset
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controls the electron beam diameter during pre-heating. The focus offset parameter provides the
area where energy is being distributed and can be set to deliver maximum energy without hardsintering the material. The number of repetitions conveys how many times the build is preheated and is used to raise and stabilize the bed temperature. These parameters control the
temperature and stabilize the powder before the melting process begins.
The melt process is when the powder is liquefied layer by layer forming the final part.
During this process, the powder surface must look even and smooth to obtain fully dense parts.
The melt process was controlled by the melt speed function and focus offset. The speed function
value controlled the melting speed in automatic mode. Higher values provide higher speed and
deliver less energy when melting. Once again the focus offset was modified to control the melt
providing an even and smooth top surface. Focus offset calibration was done by modifying the
focus offset in each cube to obtain the best top surface finish, as seen in previously-built samples
in figure 2.4, where the best surface is the one circled in red. The value selected was used as the
focus value for the rest of the builds.

Figure 2.4. Focus offset test for selecting best focus offset (circled in red).
2.3 BUILD SAMPLE ANALYSIS
After successfully building the simple geometry, the parts were cross-sectioned to check
for porosity and microstructure. Parts were cut with an abrasive cut-off saw using coolant to
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prevent the part from overheating and re-crystallizing the microstructure. Once the samples were
polished, they were analyzed for porosity. Two types of porosity to look for are spherical and
seagull-like. As seen in Figure 2.5a, spherical porosity originates from gas bubbles in the
powder when it is created using the gas atomized process. Seagull-like porosity (Figure 2.5b)
indicates that the melt parameters need further optimization since the melt is not even and leaves
voids. Seagull-like porosity can also occur when the build temperature is too low and does not
have enough energy to fully melt the powder. Porosity was also analyzed between the hatch and
contour (contours are melted along the border while hatches are melted inside the border). If
porosity was found, the parameters were modified by increasing the contour overlap or
increasing the number of contours. Having fully dense parts will prevent them from failing
prematurely and parts will be more comparable to wrought or castings.

Figure 2.5. a) Spherical porosity found in the EBM Ti64 build. b) Seagull-like porosity found in
the EBM Ti64 build due to under-melting.
The microstructure on the simple geometry was inspected to confirm that the process
provided the desired parts with highest possible mechanical properties. The cut samples were
mounted and polished for optical metallographic analysis. It is important to check if the melt
layers are visible in the microstructure since this can cause non-isotropic mechanical properties
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in the Z-direction. Microstructure was also studied for isotropy on the bottom and top of the
parts as this leads to equal properties throughout the build. EBM has shown to create columnar
and equiaxed microstructure as seen in figure 2.6.

Figure 2.6. a) Inconel 625 with columnar microstructure. b) Iron with equiaxed microstructure.

Hardness measurements were prepared from the mounted optical samples after they were
completely analyzed.

Microhardness or Rockwell hardness measurements were made,

depending on the sample size and material being evaluated. Chemical analysis was done to
observe element changes and oxygen or nitrogen pickup. The EBM process has shown it can
evaporate elements, like aluminum, in the Ti64 alloy; and must therefore, be monitored keep
built parts within the required specifications.
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CHAPTER 3: SYSTEM MODIFICATION
Currently, Arcam technology is not designed with material research in mind; but rather as
a production system. In the Arcam A2 machine, a minimum of 10 kg of titanium powder is
required to set up and level the start plate, as seen in Figure 3.1. The powder underneath the start
plate is necessary to insulate the start plate and maintain its temperature uniform. To fill the
hopper, an additional 40 kg of titanium powder is required on each side. This means, that in
order to facilitate a full build in the Arcam A2 System, a total of 90 kg of titanium powder is
required. When building with nickel or cobalt based alloys, the required powder mass doubles
because these alloys have twice the density of titanium. For material parameter development in
the Arcam A2 machines, depending on the material, an additional 60-80 kg is needed as
fabrication of a small sample is a necessary step of the process.

Figure 3.1. Original vat without powder setup (left) and vat with insulating powder underneath
the start plate (right).
To reduce the amount of powder required for EBM materials research, the first necessary
step was the development of MiniVat and MiniRake systems that would fit inside the build
chamber. This new design, required 2 - 10 kg of powder (depending on the material type), and
had the capacity to build a 5 - 10 mm tall test sample. The material’s as-built properties (such as
microstructure, micro-hardness, sintering temperature, and melting parameters) were obtained
from fully dense parts using only a small amount of powder. By fabricating small coupons, a
material can be identified as a good candidate for the EBM technology without the need to
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purchase a large amount of powder. In addition, the powder cost for new material development
is reduced as well as the time to set up the system, heat the build platform, and cool the
fabricated part.

3.1 MiniVat
Accurate measurements for the modified design were obtained from the current vat
configuration. The design included a cylindrical chamber insert that would allow for quick
installation as well as easy conversion to the original build tank. Two MiniVat inserts were
designed so that these could be interchanged effortlessly. The first MiniVat had a 120 mm inner
diameter that used a 70 mm square start plate. The other MiniVat had a 70 mm inner diameter
that used a 40 mm square start plate. Both MiniVats had a Z build height of 150 mm, half of the
original build tank height. Figure 3.2 shows the CAD of the new MiniVat insert. The build table
was connected to a movable extension rod that was coupled to the original lift mechanism,
providing Z-axis movement of the build table. The build table slid inside the MiniVat inserts
and was designed with the original high temperature rope seal to prevent powder from leaking
through the build table. The MiniVat inserts were bolted to an anchor plate with adjustable rods
and were also anchored to the EBM machine. Finally, a table top was made to cover the original
250 x 250 mm build tank opening and allow the newly-built inserts to be used. The material of
choice for these modifications was demagnetized 304 stainless steel, as it can withstand high
temperature environments and is corrosion-resistant.
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Figure 3.2. CAD of the MiniVat inserted in the ARCAM S12 system.

3.2 MiniRake
In order to reduce the amount of powder required to build a component in the current Arcam
system, the powder distribution system also had to be redesigned. The first step was to eliminate
the current powder vats mounted on the side walls since they require at least 30 kg of powder to
function correctly. The new design used the existing rake-moving mechanism. The original rake
was slid and locked into the back of the machine, making it perpendicular to the build table. For
this reason, the rear of the MiniRake was redesigned to have a triangular insert that paired into
the original rake-moving mechanism, as seen in Figure 3.3a.
The new MiniRake was designed to have two rakes in order to operate as a powder enclosure
and powder mover all at once. Its function was to move all the powder from left to right after
each layer was built, depositing only the necessary volume of material when the build platform
was lowered. The key was to create an adjustable rake to have both, the left and right sides, be
of equal length. A second generation MiniRake design provided spring loaded adjustments,
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putting both rakes perfectly perpendicular to the table (Figure 3.3b). Figure 3.4 shows the actual
second generation rake from different views.

A
B
Figure 3.3. a) First generation MiniRake design with powder enclosure. b) Second generation
MiniRake with spring loaded rake adjustment.

A
B
Figure 3.4. a) MiniRake design with powder enclosure. b) Second generation MiniRake with
spring loaded adjustment.

3.3 MiniVat and MiniRake Implementation

Since the MiniVat and MiniRake were designed to save time, energy, and cost related to
new parameter development, the configuration was designed for easy installation in all Arcam
models such as the A2, S12, and the A1 systems. As seen in Figure 3.5a, the original platform
was removed from the build tank and the MiniVat was placed inside. The MiniVat was aligned
with the lift mechanism; allowing the build platform to move freely in the Z direction without
binding the platform.
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Figure 3.5. a) MiniVat aligned inside the stock build tank. b) MiniVat and MiniRake installed in
the EBM system (Red outline denotes ring insert).
Once the MiniVat was aligned, the table top was placed and bolted on top of the build tank.
Two rings were designed depending on which of the two MiniVats was used, the 70 mm or the
120 mm MiniVat. The purpose of these rings was to align both MiniVats with the table top.
Figure 3.5b shows the ring used with the 70 mm MiniVat (outlined in red). Then, the new
MiniRake assembly was inserted and secured to the back of the machine (figure 3.5b). The
MiniRake was aligned by adjusting both rakes so they were the same distance from the table,
making them perpendicular to the table top. Once the MiniRake was aligned, the powder was
placed between the rakes and calibrated by adjusting the table top to the rakes. The system was
calibrated when the MiniRake moved left and right, leaving only a small amount of powder
behind. Once this step was complete, the new system was ready for use.
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A comparison of the new MiniVat build setups (120 mm Ø and 70 mm Ø) and the standard
Arcam setup was performed using Ti64 material. The parameters evaluated were preparation
time, pre-heat time, cool down time, amount of material required to run a 30 mm build, and total
possible builds per day (Table 3.1).
The results show that using the MiniVat, preparation time is six times faster while preheat
time and cool down time are four times faster, giving the MiniVat an advantage over the regular
Arcam vat in small builds and material development. The MiniVat also requires ten times less
material to perform a small build, allowing the user to build with as little as 2 kg of Ti64. The
MiniVat system also provides an advantage in the number of builds the user can prepare and
build in a day. The standard Arcam setup can be prepared once, build once, and only allow
enough time to prepare a second build, without completing the build if it has to be monitored.
The MiniVat system has allowed up to four monitored builds per day.
Table 3.1: Comparing the MiniVat setup and the standard Arcam setup using Ti64.
MiniVat Set-up

Arcam

Required to build 30 mm
Standard Setup

120 mm Ø

70 mm Ø

Preparation Time

15 min

15 min

90 min

Preheat Time

10 min

10 min

40 min

Cool Down Time

30 min

30 min

120 min

3 kgs

2 kgs

30 kgs

4

4

1.5

Material Required
Possible builds per Day
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3.4 MiniVat and MiniRake Evaluation
To evaluate the new MiniVat and MiniRake systems, sample runs were made with low
cost Armstrong CPTi powder. ITP developed the Armstrong process to produce high purity
metal and alloyed powders aimed at lower cost. This study characterized both the Armstrong
CPTi and Armstrong CPTi also subjected to induction plasma spheroidization. The plasma-based
spheroidization process was used to improve the flow and packing characteristics of the
Armstrong powder, providing more spherical powder for EBM technology. ITP provided 5 kg
of the Armstrong sponge powder and 3 kg of plasma spheroidized Armstrong powder.
3.4.1 ARMSTRONG POWDER CHARACTERIZATION
The original sponge powder was analyzed with the SEM as seen in Figure 3.6. The
sponge, or irregular powder, was difficult to use because of its morphology (too many angular
surfaces that interact and prevent the powder from flowing or packing together).
After the powder was spheroidized using induction plasma at Tekna Plasma Systems Inc.
the morphology changed significantly, as seen in the SEM photo in Figure 3.7a. A complete
powder characterization was done, which showed that the particles had martensitic needle-like
microstructure (Figure 3.7b). Energy Dispersive X-ray Spectrometry (EDS) results indicated the
powder was pure titanium with no other contaminating elements (Figure 3.7c). A powder
particle distribution analysis was completed, which indicated a normal distribution with an
average particle size of 60 µm, as seen in Figure 3.8. The particles were spherical, but had
significant porosity due to the plasma process. Un-spheroidized particles were also seen (Figure
3.9).
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Figure 3.6. Armstrong sponge powder.

Figure 3.7. a) SEM picture of the Armstrong spheroidized powder, b) Optical micrographs of the
Armstrong spheroidized powder, c) EDS results of spheroidized powder.

37

60

Number of particles

50
40
30
20
10
0

Particle size in μm

Figure 3.8. Particle distribution of the Armstrong spheroidized powder.

Figure 3.9. Armstrong spheroidized powder showing porosity and un-spheroidized particles.
3.4.2 ARMSTRONG POWDER RESULTS
The Armstrong CPTi sponge powder and the Armstrong CPTi spheroidized powder were
also evaluated for flowability and changes in percent density. The results were compared to Ti64
powder provided by Arcam. The ASTM B213 standard was used to measure flowability and the
ASTM B212 was used to determine percent density change (ASTM Standard B213, 2007;
ASTM Standard B212, 2007). As seen in Table 3.2, the Armstrong CPTi powder did not flow
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through the Hall Flow meter and consequently no value was measured. The percent density
change of the Armstrong CPTi was only 16%, rendering the power unusable for the EBM
process.
The plasma spheroidized process improved the Armstrong CPTi powder’s flowability
and percent density changed significantly. The flowability became 38.5 s/50 g of powder.
Although it was 35% slower than Arcam’s Ti64 powder, it was still susceptible to raking. The
only disadvantage is that the powder would have to be raked at a slower pace during the build
process. The spheroidized powder percent density change was lower than the Arcam Ti64
powder and is not recommended by Arcam as a suitable powder for the EBM process. The
recommended apparent density according to Arcam is >50% of the density of solid material.
The percent density change was increased to over 50% by sifting the powder to remove unspheroidized sponge particles and repeating the measurement (Table 2).
Table 3.2: ITP CPTi % density change and flow rate table.

Material
Armstrong
CPTi
Plasma
Spheroidized
Armstrong
CPTi
Plasma
Spheroidized
Armstrong
CPTi, Sifted
Gas Atomized
Ti64

Apparent Solid density % Density Flow rate X
Density g/cc
(g/cc)
change
Avg (s/50 g)

Manufacturer

Mass (g)

ITP

18.21

0.73

4.51

16.15

X

ITP

51.21

2.05

4.51

45.42

38.65

ITP

51.11

2.05

4.51

51.38

29.48

Arcam

60.75

2.43

4.42

54.98

24.99

Since ITP only provided 3 kg of spheroidized CPTi powder and the spheroidized powder
had to be sifted to eliminate the imperfections in the powder, the usable powder was reduced to 2
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kg. ITP will provide more CPTi Armstrong powder in the future, but for the work described
here, a limited powder supply yielded only two 30 x 30 x 5 mm blocks for analysis. The test
blocks were built on a 40 x 40 x 10 mm stainless steel start plate. Parameters were developed for
the CPTi powder to enable a build process without any part swelling or smoking. As seen in
Figure 3.10a, a test block was manufactured successfully. The block was cut and examined,
showing martensitic alpha grains in the horizontal and vertical directions (Figure 3.10b).
Spherical porosity was also observed in the vertical direction. The porosity is linked to trapped
hydrogen from the spheroidization process. Similar porosity is seen from Ti64 gas atomized
powder used in EBM technology (Gaytan et al., 2009). The powder porosity was first seen in
the plasma-spheroidized powder in Figure 3.9.

Figure 3.10. a) ITP Armstrong spheroidized powder was used to build a sample block in the
MiniVat. b) Horizontal (left) and vertical (right) microstructure of ITP Armstrong
spheroidized powder sample showing martensitic alpha grains and spherical
porosity.
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3.4.5 CONCLUSION

This research presented was successful in developing a modified EBM system and
methodology to rapidly test and develop EBM build parameters for candidate metal alloys. The
new MiniVat and MiniRake enabled rapid material testing (four tests per day vs. one per day)
with reduced material quantities required for parameter development (less than 10 kg vs. ~120
kg). The ITP Armstrong powder was analyzed and used to successfully manufacture test blocks
with only 3 kg of CPTi spheroidized material.
As porosity is still an issue with the spheroidized ITP CPTi powder, future testing is
needed to eliminate porosity. To continue the ITP Armstrong research more CPTi powder is
needed. ITP will provide more of the Armstrong CPTi sponge powder. The powder will be
shipped to Tekna Plasma Systems Inc. in Quebec, Canada where they will run several test with
different parameters to improve the spheroidization process and reduce the powder’s porosity.
Different batches will be tested using the MiniVat and MiniRake to test if the powder is adequate
in producing fully dense parts.
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CHAPTER 4 DENSITY MEASUREMENTS

In order to predict if the built parts will perform consistently and adequately to the
required specifications, the parts must be fully dense. Density is a measure of the “solidity” of
matter within a substance and is defined by the equation:
Density = mass/volume

eq 1.

The standard metric units used for mass and volume, respectively, are grams and
millimeters or cubic centimeters.

Thus, density has the unit grams/millimeter (g/ml) or

grams/cubic centimeters (g/cc). The literature values are usually given in this unit. Density may
be calculated from separate mass and volume measurements. For the project, a vision software
was developed to acquire rapid density measurements, allowing for the comparison of different
builds with different parameters and powder morphologies.
The vision software utilizes optical micrographs to calculate the density percentage. The
software processes individual pixels and performs an evaluation to determine the presence of
voids by analyzing the gray scale value of a given pixel and comparing the value against a
threshold value. The percent density process calculation is described in more detail below.
4.1 IMAGE PREPARATION
After the horizontal and vertical material samples are potted and polished, they are
imaged by using an inverted microscope (figure 4.1). The horizantal sample is sectioned into
different areas, as seen in figure 4.2, and a collage of images is taken along the selected surface.
The vertical section is sectioned and imaged (figure 4.3). The images are cataloged under the
material HDH percentage content and cut orientation for further analysis.
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Figure 4.1. Vertical and horizontal samples that were potted and polished for use in density
calculation.

Figure 4.2. The horizontal section showing a collage of images taken along the selected surface
to analyze density calculations.
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Figure 4.3. The vertical section showing a collage of images taken along the selected surface to
analyze density calculations.
4.2 IMAGE SOFTWARE
Imaging software was developed using the National Instruments Vision Builder package.
A LabView module uses the optical images of the manufactured parts and calculates the percent
density of the parts. The software analyzes the image by automatically acquiring the image from
the selected folder. The image folder is specified and the images are cycled through the virtual
instrument as seen in figure 4.4. The program processes the gray scale image and converts it into
a binary image using the vision assistance module. Segmentation is achieved by applying a
threshold value to an image at a particular intensity level, selected to represent the porosity
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threshold limit. Figure 4.5 shows an example of the threshold process where an image was
selcted and segmentation was performed.

Figure 4.4. LabView virtual instrument showing the processes done for percent density
calculation.

Figure 4.5. Example of an image being processed, transformed to a binary image and thresholed
and only selecting the porosity area.
The software has the capacity to count dark or bright objects. As seen in figure 4.5, the
bright objects are the pores. The white and black pixels are counted and the percentage of the
black pixels is reported as the solid density percentage. The picture name and the solid density
percentage are then logged into a text file using a data logger module.
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4.3 SOFTWARE RELIABILITY TEST

To evaluate the software, several tests were conducted with CAD images of known area
densities. CAD images were used because of their high precision. The first image consisted of a
250 x 250 mm square sectioned into two equal areas. The first area was colored white and the
second black as seen in figure 4.6a. The second image (figure 4.6b) was also a 250 x 250 mm
square with 50% white and 50% black pixels, sectioned into four equal areas. The third picture
was sectioned into one hundred equal sections and colored in a black and white checkered
pattern as seen in figure 4.6c. The last image was first sectioned into two equal areas. Then, the
top area was split into 50 equal areas, also with a checkered pattern. The image combined
previous designs, having a drawing area density of 75% white and 25% black pixels (figure
4.6d).
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Figure 4.6. Sample images used to evaluate density measurement software.
The test images were processed using the image density software and the results showed
an average percent error of 0.37% on the images. The images were processed five times, using
the software, providing the following results, listed in table 4.1.
Table 4.1: Results of images processed with vision software to evaluate the software.

Image a
Image b
Image c
Image d

Actual

Run 1

Run 2

Run 3

Run 4

Run 5

Average %
Density

% Error

50%
50%
75%
50%

49.85
49.81
74.82
49.72

49.85
49.81
74.82
49.72

49.85
49.81
74.82
49.72

49.85
49.81
74.82
49.72

49.85
49.81
74.82
49.72

49.85
49.81
74.82
49.72

.3
.38
.24
.56
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CHAPTER 5: HDH POWDER BLENDING
The primary goal of the research presented here, was determining if HDH powder can be
blended with spherical powder without compromising microstructural and mechanical properties
of fully dense components manufactured by an Arcam EBM system. Several powder analyses
were performed on several HDH/spherical powder mixture ratios, including particle
microstructure, size distribution, packing density, and flowability.

5.1 HDH Powder Characterization

First, HDH angular powder provided by Ametek was characterized using a Hitachi SEM
model S-4700 FEG (Tokyo, Japan). As seen in Figure 5.1a, the HDH powder had an angular
morphology with an average longitudinal length of 200µm and a transverse length of 50µm. The
powder was mounted, polished, and etched for analysis via optical microscopy. The microstructure
was observed to be an equiaxed grain structure (Figure 5.1b). The powder chemistry was also
analyzed in the SEM EDS unit. The results can be seen in Figure 5.1c where the EDS spectrum
indicates the presence of the expected elements: Ti, Al, and V. Chemical analysis was performed at
Ametek using inductively coupled plasma mass spectrometry, which agrees with the EDS analysis
conducted at UTEP (Figure 5.1d).
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Figure 5.1. a) SEM picture of HDH powder, b) Optical micrographs of HDH powder, c) EDS
results of HDH powder, d) Chemical analyzes of the HDH powder.
The second powder characterized was the HDH powder that was spherodized by way of
induction plasma by Ametek at Tekna Plasma Systems Inc. in Quebec, Canada. Once again the
powder was analyzed by SEM (Figure 5.2a) and was found to be spherical. The microstructural
analysis indicated the powder had a dendritic microstructure (Figure 5.2b). Once again, EDS
analysis peaks indicated the presence of Ti, Al, and V (Figure 5.2c). The chemical analysis was
once again provided by Ametek (Figure 5.2d).
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Figure 5.2. a) SEM picture of spherodized HDH powder, b) Optical micrographs of HDH
powder, c) EDS results of spherodized powder, d) Chemical analyzes of the
spherodized HDH powder.

5.2 HDH Methods Phase 1
The research was separated into two phases. Phase 1 consisted of blending 45-105 µm
HDH powder with re-spheroidized HDH powder and to build dense samples. Phase 2 consisted
of sifting the HDH angular powder (45-105 µm) and separating it into different HDH particle
distributions (45-75 µm and 76-105 µm) to build dense samples. Phase 2 also consisted of using
new melting schemes to fully melt the blended powder and achieve higher density results.

5.2.1 PHASE 1 METHODS
The HDH powder and the spherodized HDH powder were blended together with different
weight ratios. For phase 1, Ametek provided 50 kg of angular HDH powder and 50 kg of
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spheroidized HDH powder, both with a mesh size of 45-105µm. Each batch consisted of 5 kg
and ranged from 0% HDH (100% spherical) to 100% HDH (100% angular) powder. A mixing
protocol was designed in which the powder was weighed separately and tumbled for 5 minutes
using a manual powder mixing machine. It was then set aside for 1 day to observe if particle
segregation occurred. SEM micrographs were taken of each batch (shown in Figure 5.3). To
check if the powder blending was successful, manual measurements of each particle in the SEM
micrograph were made. The size distribution was plotted as seen in Figure 5.4. The results
show successful mixing of the angular and spherodized powders; each batch had the expected
angular to spherical powder mixing ratio.

Figure 5.3. Blended HDH powder and the spheroidized HDH powder ranging from 0% HDH
(100% spherical) to 100% HDH (100% angular) powder.
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Figure 5.4. Blended HDH powder and the spheroidized HDH powder ranging from 0% HDH
(100% spherical) to 100% HDH (100% angular) powder.
The HDH angular and spheroidized blend powder batches were verified in terms of
flowability and percent density variation.

The results were compared to the Ti64 powder

provided by Arcam. The ASTM B213 standard was used for flowability characterization and the
ASTM B212 standard for percent density change. As seen in table 5.1 Arcam’s Ti64 powder
had a flow rate of 25 s/50 g of powder and a percent density change of 55%. When testing the
0% HDH powder (100% spheroidized HDH powder) flowability was 18% greater than that of
the Arcam gas atomized powder. It also had 5% higher packing density. The 0% HDH powder
was expected to perform better as the powder was more spherical and did not contain satellites
typical of traditional gas-atomized powder. These results showed that as more angular HDH
powder was blended with spherical powder, the flowability and percent density change
decreased (Table 5.1).
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Table 5.1: Ti64 HDH blended powder density change and flow rate table for phase 1.
Material

Manufacturer

Powder
Mass (g)
Distribution

Apparent
Solid density
Density
(g/cc)
g/cc

% Density Flow rate X Avg
change
(s/50 g)

Phase 1
100% HDH

Ametek

45-105

47.00

1.88

4.42

42.53

40.58

90% HDH

Ametek

45-105

47.80

1.91

4.42

43.22

38.27

75% HDH

Ametek

45-105

51.60

2.06

4.42

46.62

34.37

60% HDH

Ametek

45-105

54.00

2.16

4.42

48.87

32.83

45% HDH

Ametek

45-105

55.20

2.20

4.42

49.81

29.14

30% HDH

Ametek

45-105

59.40

2.39

4.42

54.01

26.84

25% HDH

Ametek

45-105

61.00

2.44

4.42

55.20

25.25

15% HDH

Ametek

45-105

61.60

2.47

4.42

55.86

23.78

0% HDH

Ametek

45-105

65.40

2.62

4.42

59.26

20.56

Ti-6Al-4V

ARCAM

30-120

60.75

2.43

4.42

54.98

24.99

The optimal angular and spheroidized blended ratio was determined to be 25% HDH
powder. At this ratio, the percent density change and flowability results were similar to those of
the Arcam Ti64 powder, as highlighted in Table 5.1. It is believed the 25% HDH blend will
behave similarly to the Arcam Ti64 gas atomized powder.

Simple geometries were fabricated with all the HDH/spherical powder ratios using the
same pre-determined build parameters in the MiniVat using the MiniRake system. The parts
obtained were tested for density, microstructure, and hardness. The test blocks were designed to
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be 30 x 30 x 5 mm and built on a 40 x 40 x 10 mm stainless steel start plate. The start plate was
pre-heated to 950°C and the bed temperature was maintained at 900°C during the build.
5.2.2 PHASE 1 RESULTS

A dense block was built with 0% HDH powder as seen in Figure 5.5a. The fabricated
block also showed traditional Ti64 microstructure as seen in Figure 5.5b. The horizontal cut
indicated the presence of acicular alpha and beta structures, while the vertical direction (layering
direction) also showed acicular alpha and beta structures arranged in a columnar growth, as
previously seen in literature (Gaytan, S. M. et al., 2011)

Figure 5.5. a) Ametek Ti64 0% HDH powder sample built in the MIniVat. b) Horizontal and
vertical microstructure of the 0% HDH powder sample showing acicular alpha and
beta grains.
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The use of other HDH/spherical powder ratios did not result in the successful fabrication
of dense blocks however. The percent density ranged from 98-89%, as seen in Table 5.2, which
was calculated by using the LabVIEW vision software previously developed and by analyzing
optical micrographs. This software processed individual pixels and performed an evaluation to
determine the presence of voids by analyzing the gray scale value of a given pixel and comparing
the value against a threshold value. The gray scale threshold value was adjusted to fit the
material being studied.

Table 5.2: Ti64 HDH blended powder Horizontal and Vertical density percent results.
Horizontal

Vertical

0% HDH

99.84%

99.49%

15% HDH

95.37%

96.67%

30% HDH

94.72%

95.54%

45% HDH

98.46%

95.79%

60% HDH

97.03%

94.75%

75% HDH

97.26%

96.64%

90% HDH

89.36%

96.71%

100% HDH

91.66%

95.42%

As shown in Figure 5.6, it was notable that the density values did not decrease linearly as
the HDH % value increased. Instead, the percent density values hovered around 94 to 98%,
especially in the vertical direction. This behavior indicated that the HDH percentage value of the
powder was not significant. The 90% HDH and 100% HDH samples were examined since they
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show the lowest density. It was observed that the HDH powder aligned itself before melting,
resulting in the formation of air pockets after the melt (Figure 5.7). With no spherical powder to
fill-in the voids between the angular powder particles, pores were formed.

100.00
98.00

% Density

96.00
94.00

Horizontal
Vertical

92.00
90.00
88.00
0

15

30

45

60

75

90

100

HDH %

Figure 5.6. Ametek Ti64 HDH blended powder Horizontal and Vertical direction density percent
results.
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Figure 5.7. Ametek Ti64 90% HDH and 100% HDH blended powder Horizontal and Vertical
micrographs showing porosity.
Rockwell hardness testing was also performed on all parts built with the HDH/spherical
powder ratios.

As seen in Table 5.3, the majority of horizontal and vertical hardness

measurements were within a 2% range. When the hardness results were plotted (figure 5.8)
against the HDH percentage, the hardness values for 90% HDH and 100% HDH in the vertical
and horizontal direction, dropped by 25%. This indicated a significant influence on hardness for
samples fabricated from these two ratios. Currently, the only explanation for these results is that
the use of the 90% and 100% HDH blended powder resulted in the fabrication of porous parts,
which likely had lower yield strength and thus, a lower hardness value.
Table 5.3: Ti64 HDH blended powder Horizontal and Vertical hardness results in Rockwell scale
C.
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Horizontal

Vertical

0% HDH

32

24

15% HDH

25

23

30% HDH

24

25

45% HDH

25

--

60% HDH

24

25

75% HDH

26

26

90% HDH

20

18

100% HDH

20

16

35.00
33.00
31.00
29.00

HRC

27.00
25.00

Horizontal

23.00

Vertical

21.00
19.00
17.00
15.00
0

15

30

45
60
HDH%

75

90

100

Figure 5.8. Ametek Ti64 HDH blended powder Horizontal and Vertical direction Rockwell
hardness results.
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In order to test if the raking system was spreading powder uniformly and the particle
blend was not segregating; a study was done on the 15% HDH build test parts. The sintered
powder around the build test part was analysed for particle distribution. As seen in figure 5.9,
the back, front, and left sides of the sintered powder were collected in 1 mm increments from the
base of the build to the top of the build. The powder was mounted and analyzed in the SEM.
Manual measurements of each particle in the SEM micrograph were made. The size distribution
was plotted as seen in Figure 5.10. The results show successful mixing of the angular and
spheroidized powders; each batch had the correct angular to spherical powder mixing ratio. The
results hover over the 15% HDH value as represented by the red line.

Figure 5.9. a) Demonstration showing how the sintered powder around the build test part was
analysed from back, front, and left sides. b) SEM micrographs showing the particle
distribution from the back, front, and left sides.
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Figure 5.10. Results of the particle distribution taken from the SEM micrographs from the back,
front, and left sides.
5.2.3 PHASE 1 CONCLUSIONS
It was concluded that Ametek’s HDH angular 45-105 µm powder did not provide fully
dense parts. With the blended angular and spherical HDH powder, the best density percentages
were 94 to 98%.

The spheroidized HDH powder did provide high dense samples and is

therefore, comparable to the Arcam gas atomized powder.

5.3 HDH Methods – Phase 2

5.3.1 PHASE 2 METHODS
Phase 2 of the project consisted on better understanding powder packing interaction when
blending the HDH angular powder and the HDH spheroidized powder. The angular HDH
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powder was cut into 45-75 µm and 75-105 µm distribution. The goal was to have a greater
packing density when blending the HDH angular and HDH spheroidized powders.
In phase 2, Ametek provided two batches of angular HDH powder, each consisting of 6.8
kg. One batch hada mesh size of 45 -75 µm and the other had a mesh size of 75-105 kg. They
also provided 20 kg of spheroidized HDH powder with a mesh size of 45-105µm. The powder
was separated and blended into two groups with four batches in each. One group used the 45-75
µm powder distribution and other used the 75-105 µm powder distribution. Each batch consisted
ofa total of 2.5 kg and ranged from 25% HDH (75% spherical), 50% HDH (50% spherical), 75%
HDH (25% spherical) and 100% HDH (100% angular) powder as seen in the SEM micrographs
in figure 5.11. The same mixing protocol was used as in phase 1 in which the powder was
weighed separately and tumbled for five minutes using a manual powder mixing machine. It was
not necessary to determine if powder blending was successful since in phase 1, the angular HDH
powder and the spheroidized powder mixed correctly and did not settle in the containers
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Figure 5.11. Blended HDH powder and the spheroidized HDH powder ranging from 0% HDH
(100% spherical) to 100% HDH (100% angular) powder in 25% increments.
Finer angular powder within the blended mixture was believed to increase the powder’s
packing density; therefore increasing the part’s density. As illustrated in figures 5.12a and 5.12b,
when the spherical and angular particles are larger, bigger gaps are formed between them. It was
decided to reduce the HDH particle distribution to 45-75 µm as this would increase the blended
powder’s packing density to provide denser sample parts.
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Figure 5.12. a) Normal spherical powder. b) Blended spherical and large angular powder. c)
Blended spherical and small angular powder.
The HDH angular and spheroidized blend powder batches were once again tested for
flowability and percent density variation.

The results were compared to the Ti64 powder

provided by Arcam. When testing the 100% HDH 45-75 µm powder (100% spheroidized HDH
powder) flowability was 30% less than that of the Arcam gas atomized powder and packing
density is the same. When comparing the 45-75 µm to the 75-105 µm distribution, the smaller
particles had a better packing density and flowability (as seen in table 5.4).
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Table 5.4: Ti64 HDH blended powder density change and flow rate table for phase 2.

Material

Manufacturer

Powder
Distribution

Mass (g)

AD g/cc

Solid density
(g/cc)

% Density
change

Flow rate X Avg
(s/50 g)

60.52

2.42

4.42

54.83

36.43

53.18

2.19

4.42

48.10

30.33

57.2

2.29

4.42

51.71

27.08

60.92

2.43

4.42

55.08

23.78

62.8

2.51

4.42

56.83

23.16

59.78

2.39

4.42

54.15

24.52

53.36

2.13

4.42

48.09

37.60

60.75

2.43

4.42

54.98

24.99

Phase 2
100% HDH

Ametek

75% HDH

Ametek

50% HDH

Ametek

25% HDH

Ametek

15% HDH

Ametek

25% HDH

Ametek

100% HDH

Ametek

Ti-6Al-4V

ARCAM

45-75
45-75
45-75
45-75
75-105
75-105
75-105
30-120

A new melting strategy was used to fully melt the powder and provide higher density
values. The 30 x 30 mm test blocks were double melted between each layer. The reasoning for
this was that using purely spherical powder provided a smoother top surface finish and reduced
porosity, increasing the likelihood of achieving fully dense parts (figure 5.12a). When building
with blended spherical and angular powders each layer’s top surface had pores and uneven
surfaces (figure 5.12b). The double melt method re-melted the top surface making it smoother
and ready for the next layer. It is believed that the top layer of a part will provide a clue as to the
part’s density. Therefore always starting with a flat and smooth surface can provide higher
density parts.

The samples were hot isostatic pressed (HIP) to reduce porosity and results were
compared to those achieved with the single and double melt strategies. HIP is a form of heat
treatment in which parts are enclosed in an inert gas chamber set high pressure and temperature
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for a certain amount of time, depending on the material and treatment.

HIPing is a

manufacturing process used to eliminate porosity and increase density in metals, ceramics, and
plastic materials.

The hot temperature and pressure allow plastic deformation, creep, and

diffusion to take place inside the part collapsing the porosity and increasing the part’s density as
seen in figure 5.13. The process improves the mechanical properties and re-organizes the
microstructure. In this case, the standard Ti64 HIP cycle was used. It consisted of heating the
chamber to 900 ºC at a pressure of 100 MPa for 2 hours.

Figure 5.13. Hot isostatic pressed (HIP) process showing how pressure and temperature allow
plastic deformation, creep, and diffusion to take place inside the part collapsing the
porosity.
5.3.2 PHASE 2 RESULTS

When performing a single melt with spherical powder, the top surface of the part looked
smooth and even (figure 5.14a). When using angular powder, the top surface had cracks and
pores (figure 5.14b). To understand the top surface effect, SEM pictures were taken of a fully
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dense sample part made with Arcam spherical powder. The SEM photograph showed minimum
texturing (figure 5.15) and was therefore, used for comparison with the HDH powder samples.

Figure 5.14. a) Part build with spherical powder showing a smooth and even surface. b) Part
build with a blend of angular and spherical powder showing a top surface of cracks
and pores.

Figure 5.15. SEM photograph of the top surface of a sample build part with spherical Arcam
powder showing minimum texturing.
A top surface analysis was done to compare the blended powder parts that were
processed with single or double melts. Figure 5.16a shows results obtained when comparing the
top surfaces of 25% HDH 45-75 µm powder using a single or double melt building schemes. The
single melt surface is more textured and coarser, while the double melt surface is similar to the
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Arcam single melt top surface built with spherical powder, showing that the double melt process
smoothes out the top surface significantly (figure 5.16a). The same comparison was done with
the 100% HDH 45-75 µm powder. The angular powder melted differently than the spherical
powder, making the texture on the top surface wave–like. This shows that the melted angular
powder did not flow as well as the spherical powder and when the material re-solidified, it did
not have time to become as smooth as the 25% HDH sample. When the 100% HDH powder was
re-melted with a second EBM pass through, the material became smoother and had a better
surface quality (figure 5.16b).

Figure 5.16. a) SEM photograph of the top surfaces of a sample build with 25% HDH 45-75 µm
with 1 melt and 2 melts. b) SEM photograph of the top surfaces of a sample build
with 100% HDH 45-75 µm with 1 melt and 2 melts.
The double melt technique increased the density of all the tested samples. As seen in
figure 5.17, the Arcam powder with a single melt had the highest density percentage of 99.95%.
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The rest of the powder blends showed an increase of 3% to 4%, achieving above 99% for all
tested blends using the double melt technique. The 25% HDH blend had the highest density of
99.63% while the second highest was the 100% HDH powder with a density of 99.42%. This
was followed by the 75% HDH powder blend at 99.32% and the 50% HDH powder blend with a
99.07% density (Figure 5.17).

100
99.5
99

% Density

98.5
98
97.5

1 Melt

97

2 Melt

96.5
96
95.5
95
Arcam

25 HDH

50 HDH

75 HDH

100 HDH

Powder Blend

Figure 5.17. Density results of single melt and double melt of the tested powder blends.

The HIP method also increased the parts’ percent densities making them equal to that of
the test sample built with the Arcam spherical powder (figure 5.18). The HIPed results showed
that the double melt technique was not necessary in the 25% HDH and 50% HDH powder blends
in parts that were HIPed. The results also showed a decrease in density for the 100% HDH
blended part. This was due to the part having connected porosity, as seen in figure 5.7, which
did not allow the HIP process to close the pores. The cross section used to analyze the doublemelted 100% HDH 45-75 µm sample did not show the connected porosity, as did the double
melted 100% HDH 45-75 µm sample that was not HIPed.
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The HIP process decreased porosity by collapsing the pores and increasing the part’s
density. This can be seen in figure 5.19a where the picture shows an elongated pore. After the
HIP process, a similar pore was compacted. The hot temperature and pressure allowed plastic
deformation, creep, and diffusion to take place inside the part. However, when the pores were
connected, as seen in figure 5.19b, more energy and time were required to close the pores.

100
99.5
99

% Density

98.5
98
1 Melt

97.5

1 Melt HIP

97

2 Melt

96.5

2 Melt HIP

96
95.5
95
Arcam

25 HDH

50 HDH

75 HDH

100 HDH

Powder Blend

Figure 5.18 . SEM photograph of the top surface of a sample build part showing minimum
texturing.
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Figure 5.19. a) SEM micrographs showing an example of the 25% HDH (45-75 µm) build part
before and after HIPing. b) SEM micrographs showing an example of the 100%
HDH (45-75 µm) build part before and after HIPing with connected internal
porosity.
The double melt technique increased the density of the sample build part and modified
the microstructure as seen in figures 5.20a and 5.21a (25% HDH 45-75µm and 100 % HDH 4575µm, respectively). The microstructure became finer martensitic grains. The microstructure
was not dependent on the percentage of blended HDH powder as the microstructure was
identical when using 25% or 100 % HDH powder.

The HIP process also modified the

microstructure making it more uniform, as seen in figures 5.20b and 5.21b (25% HDH 45-75µm
and 100 % HDH 45-75µm). The HIP process yielded the same microstructure, regardless of the
grain structure it started with.
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Figure 5.20. a) SEM micrographs comparing single melt and double melt micro structure of 25%
HDH (45-75µm). b) SEM micrographs comparing single melt and double melt
micro structure of 25% HDH (45-75µm) after HIPing.
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Figure 5.21. a) SEM micrographs comparing single melt and double melt micro structure of
100% HDH (45-75µm). b) SEM micrographs comparing single melt and double
melt micro structure of 100% HDH (45-75µm) after HIPing
Rockwell hardness testing was once again performed on all parts built in Phase 2 before
and after HIPing. As seen in table 5.5, the hardness increased in the majority of the samples
except the build test parts created with the Arcam powder and the double melted 100% HDH
blended powder.

When the hardness results were plotted (figure 5.21) against the HDH

percentage and the number of melts, the hardness values increased an average of 5 HRC. After
the HIP process was performed, the microstructure became courser and more uniform, giving a
larger hardness value.
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Table 5.5: Ti64 HDH blended powder vertical results hardness before and after HIP in Rockwell
scale C
No HIP

HIP

Arcam powder

1 melt

37.59

37.16

25% (45-75)

1 melt

26.27

30.91

2 melts

24.43

29.44

1 melt

25.36

28.3

2 melts

26.83

30.56

1 melt

19.08

29.2

2 melts

27.82

29.44

1 melt

21.42

26.17

2 melts

27.12

22.85

50% (45-75)
75% (45-75)
100% (45-75)

40
35

Hardness HRC

30
25
20

No HIP
HIP

15
10
5
0
1 melt
Arcam
powder

1 melt

2 melts

25% (45-75)

1 melt

2 melts

50% (45-75)

1 melt

2 melts

75% (45-75)

1 melt

2 melts

100% (45-75)

Figure 5.21. Ti64 HDH blended powder vertical direction Rockwell hardness results separated
by single melt, double melt, No HIP and HIP.
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5.3.3 PHASE 2 CONCLUSIONS

When comparing phase 1 and phase 2 powder characteristic results of the 100% HDH
and the 25% HDH powder blends, the flow rate increased as the particles became smaller and
had tighter particle distribution. The percent density change also increased as seen in table 5.6.
Table 5.6: Comparison of powder characteristics results of Phase 1 and Phase 2 of the HDH
blended power

Material

Manufacturer

Powder
Mass (g)
Distribution

AD g/cc

Solid density
(g/cc)

% Density
change

Flow rate X
Avg (s/50 g)

47.00

1.88

4.42

42.53

40.58

61.00

2.44

4.42

55.20

25.23

60.52

2.42

4.42

54.83

36.43

60.92

2.43

4.42

55.08

23.78

53.36

2.13

4.42

48.09

37.60

59.78

2.39

4.42

54.15

24.52

65.40

2.62

4.42

59.26

20.56

60.75

2.43

4.42

54.98

24.99

Phase 1
100% HDH

Ametek

25% HDH

Ametek

45-105
45-105

Phase 2
100% HDH

Ametek

25% HDH

Ametek

100% HDH

Ametek

25% HDH

Ametek

0% HDH

Ametek

Ti-6Al-4V

ARCAM

45-75
45-75
75-105
75-105
45-105
30-120

When studying the 25% HDH powder blends, as powder particle size and particle
distribution increased, the percent density change decreased (as seen in figure 5.22). This
correlation was observed when the powder was melted one or two times. It was also noticed that
the 25% HDH blend reached full density (like the Arcam powder) by performing a single melt
plus HIP or a double melt plus HIP. This means that to save time and money, there is no need to
perform a double melt on parts when using the 25% HDH powder blend.
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The HIP process can make a part to fully dense regardless of the percentage of HDH
powder blending that is used. The key is to make certain there is no interconnected porosity in
the part as was the case with the 100% HDH sample part.
100.00

98.00

% Density

96.00

1 Melt

94.00

1 Melt HIP
2 Melt

92.00

2 Melt HIP

90.00

88.00
Arcam

25% HDH (45-75) 25% HDH (75-106) 25% HDH (45-106)
Powder Blend

Figure 5.22. Percent density results of 25% HDH powder blends with different particle
distribution and particle sizes. Comparing single melt, double melts and HIPing.
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CHAPTER 6: CONCLUSION

The research presented was successful in developing a modified EBM system and
methodology to rapidly test and develop EBM build parameters for candidate metal alloys. The
new MiniVat and MiniRake enabled rapid material testing (four tests per day vs. one per day)
with reduced material quantities required for parameter development (less than 10 kg vs. ~120
kg). The ITP Armstrong powder was analyzed and used to successfully manufacture test blocks
with only 3 kg of CPTi spheroidized material.
Density measurements were successfully performed by developing a vision software that
acquired rapid density measurements, allowing for the comparison of different builds with
different parameters and powder morphologies. The vision software utilized optical micrographs
to calculate the density percentage. The software processed individual pixels and performed an
evaluation to determine the presence of voids by analyzing the gray scale value of a given pixel
and comparing the value against a threshold value. This software can be further developed and
implemented in a feedback control system for rapid inspection while the EBM system is
building.
A top surface analysis was done to compare the blended powder parts that were
processed with single or double melts.

The single melted surface was more coarse and

texturized, while the double melted surface was similar to the Arcam single melted top surface
built with spherical powder. This showed that the double melt process smoothed out the top
surface significantly; allowing the next layer to start on a flat surface as well as reducing the
chance of porosity.
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It has been demonstrated that powder blending can produce fully dense parts in the
Arcam system by utilizing the double melt technique or HIPing the built pars. The double melt
technique increased the density of the sample part and modified the microstructure into finer
martensitic grains. The microstructure was not dependent on the percentage of blended HDH
powder it was identical when using 25% or 100 % HDH powder. The HIP process also modified
the microstructure making it more uniform and provided better mechanical properties such as
hardness. The HIP process can make a part fully dense regardless of what percentage of HDH
powder blending is used. The key is to make sure there is no connected porosity in the part, as
there was in the 100% HDH sample part. The HIP process yielded the same microstructure,
regardless of the grain structure it started with. This demonstrated if a build part has 97%
density without any connected porosity, fully dense parts can be achieved using the HIP method.
It is determined that the optimum powder blend ratio was 25% HDH blend. The 25%
HDH blend allowed the building of fully dense parts with one single melt and a HIP cycle. The
Ametek HDH plasma spheroidized powder performed just as well as the Arcam gas atomized
powder and can be a good alternative to the Arcam powder.
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